Introduction
The wedged, lateral shearing interferometer' is very useful for measuring laser-beam wavefront curvature and for inferring beam divergence. Although shearing interferometers have been used and analyzed for many years, there is no derivation in the literature of the formulas for the evaluation of the wavefront radius of curvature.
Bates 2 first discussed the principle of the lateral shearing interferometer. Important extensions were made by Drew 3 and by Brown. 4 The original application was to measure aberrations produced by optical elements. These early, relatively complex, devices were designed to maintain a zero optical path difference for the sheared beams. A significant advance in shearing interferometry was made by Murty 5 who introduced the simple wedged (or plane parallel) glass plate with a nonzero optical path difference. This instrument must be used with nearly monochromatic sources, and it is the subject of this paper. To date there have been few reports of laser beam analysis using the Murty-type interferometer. Anthes et al. 6 reported an experiment using a high-power glass laser in which the beam divergence was determined by measuring the fringe rotation of the interferogram. Lurie 7 reported an analysis but did not give the formulas necessary for interpretation of rotated fringe patterns. His results are also restricted to near-normal incidence on the shear plate.
A general description of shearing interferometry and applications may be found in Refs. 8 and 9. Analysis pose of the present work is to present an analysis of the Murty-type instrument relevant to the determination of laser beam collimation properties.
Analysis
The principle of the interferometer involves dividing the initial laser beam into two components of approximately the same intensity and displacing them laterally with respect to one another. In that region where the two beams overlap, interference results. As described, it is seen that the interferogram compares the original phasefront relative to itself, displaced by the shear distance. Figure 1 shows a side and top view of the interferometer with exemplary ray paths. The wedge angle 3 has been greatly exaggerated in this schematic drawing.
A left-handed coordinate system (x,y,z) is erected with the origin at the point of intersection of the incident principal ray and the front surface. The z axis lies on the reflected ray from the front surface; the x axis lies in the plane of incidence; the y axis is upward (out of the plane of the figure in the top view). The reflected beam from the front surface is given by (1) 
The phase will be taken to be of the form
where R(z) is the local radius of curvature of the phasefront. This form of 4) can arise from the paraxial approximation to a spherical wavefront. The specific form of the amplitude 6 is immaterial for the analysis. It is assumed to be characterized by a transverse dimension w(z). Aberrations, if present, would manifest themselves by the presence of additional, spatially dependent terms 12 in Eq. (2).
The path of the second reflected principal ray must be calculated. The exact solution is easy to obtain, but only the limiting form for a very small wedge angle 5 is In this coordinate system the second reflected beam may be written
where D is the optical pathlength difference. The second reflected beam will contain a small amount of astigmatism introduced by passage through the plate. 
The reflected beams are taken to be of equal intensity. The interference pattern on a plane at distance z from the shear plate is given by El + E 2 2. If the variations in the beam amplitude are small over transverse distances of size s, the interference pattern at z is given
The coordinate transformation, Eq. (5), allows the pattern to be expressed in terms of the x,y,z system. It is possible to make reasonable approximations concerning the tilt displacements and optical path differ-
and R (z) are measures of the transverse dimension and radius of curvature of the incident electric field. The result is an interference pattern at z = L (the observation plane) described by
In the case of a beam with a rotationally symmetric parabolic phasefront as given by Eq. (2), the argument of Eq. (8) reduces to necessary. In terms of the plate thickness, angle of incidence, and index of refraction, one finds the lateral shear distance s and the tilt angle 0:
These quantities are indicated in Fig. 1 in the standard configuration of the device. Another coordinate system is erected with the z' axis along the second reflected principal ray. It is defined by the transformation
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where o is independent of x and y. By equating this to multiples of r, the equations for fringe spacing and angle of rotation of the fringes o are obtained:
(11) (12) d is the spacing perpendicular to the direction of shear, and K is the spacing normal to the fringes. Figure 2 illustrates the various quantities for a converging beam of negative radius of curvature. From Eq.
(4), it is seen that the tilt angle has only a slight dependence on the angle of incidence for most plate materials.
(The interferometer in this work was made of BK-7
glass which has n = 1.515 at 6328 A.) The shear distance is maximum at approximately 490 incidence, and Telescope -Pinhole Combination Fig. 3 . The experimental arrangement used to make the radiusof-curvature measurements. with Eqs. (11) or (12) to evaluate R(L), which is the radius of curvature of the beam phasefront at the observation (film) plane (Fig. 3 ).
In the event that an unwedged plate is used, the fringes are parallel to the y axis. In this case, the analysis proceeds from Eq. (9) with the result that the here is the ability to make a qualitative determination of phasefront distortion by observing the deviation of the fringes from the ideal linear pattern. Suppose the interference pattern shows a region where the fringes undergo an excursion that is a fraction wi of the normal
possesses a fraction 11 of a full wave distortion from a pure parabolic wavefront along the direction of shear over the distance s. Thus a given interference pattern immediately shows the deviation from ideal phase behavior across the direction of shear. Figure 3 illustrates the experimental arrangement used in evaluating the radii of curvature of some long focal length spherical mirrors. This illustrative application is similar to the testing of the laser beam itself by shearing interferometry. The angle of incidence was varied by rotating the interferometer. The commercial shear plate used here' has a cursor wire which defines the direction of shear. Figure 4 is a photograph of the shear plate image with a plane mirror (flat to X/20) in the optical chain. The beam expanding telescope was adjusted to give horizontal fringes. Under these conditions the laser output beam was nearly collimated with a radius of curvature at the film plane greater than 1600 m. The phasefront error would appear to be on the order of X/10 for the small amount of shear present at this particular angle of incidence, 13.5°. The analysis yielded a wedge angle 6 of (6.91 0.28) sec of arc. This result is in agreement with an experiment in which the collimated laser was allowed to impinge directly on the shear plate. The shear plate thickness was independently measured to be 1.343 cm. Figures 5 and 6 show the resulting interferogram when a mirror with a nominal 50-m radius of While the experimental work reported here dealt with measuring the radius of curvature of spherical mirrors, the intent is to emphasize the use of the lateral shearing interferometer for the measurement of the radius of curvature of a laser beam. From this latter measurement, it is possible to infer the divergence (or convergence) of a laser at any point along its direction of propagation.
Discussion of Applications

